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116. Abstract 
An a i r b o r n e  l a s e r  depth sounding system has been b u i l t  and taken through a complete s e r i e s  o f  f i e l d  
t e s t s .  Two green l a s e r  sources have been t r i e d :  
doubled Nd:YAG t r a n s m i t t e r  a t  532 nm. 
had a d u r a t i o n  O F  5 t o  7 nanoseconds and c o u l d  be f i r e d  up t o  a t  r a t e s  o f  50 pu lses  p e r  second. 
the r e c e i v e r ,  t h e  s i g n a l  was de tec ted  by  a p h o t o m u l t i p l i e r  tube connected t o  a 28 cm d iameter  
Cassegrainian te lescope  t h a t  was aimed v e r t i c a l l y  downward. 
O s c i l l o s c o p i c  t r a c e s  o f  t h e  s i g n a l  r e f l e c t e d  f rom the  sea s u r f a c e  and t h e  ocean f l o o r  c o u l d  e i t h e r  be 
recorded by  a movie camera on 35 mm f i l m  o r  d i g i t i z e d  i n t o  500 d i s c r e t e  channels o f  i n f o r m a t i o n  and 
s t o r e d  on magnet ic tape, f rom which depth i n f o r m a t i o n  c o u l d  be e x t r a c t e d .  An a e r i a l  c o l o r  movie 
camera recorded t h e  geographic f o o t p r i n t  w h i l e  a boa t  crew of  oceanographers measured depth and o t h e r  
r e l e v a n t  wa te r  parameters. 
About two hundred hours o f  f l i g h t  t ime  on t h e  l lASA C-54 a i r p l a n e  i n  the  area o f  Chincoteaque, 
V i r g i n i a ,  the  Chesapeake Bay and i n  Key West, F l o r i d a ,  have y i e l d e d  in fo rma t ion  on the  ac tua l  o p e r a t i n  
cond i t i ons  o f  such a system and he lped  t o  o p t i m i z e  t h e  design. One can p r e d i c t  t h e  maximum depth 
a t t a i n a b l e  i n  a m iss ion  by  measur ing t h e  e f f e c t i v e  a t t e n u a t i o n  c o e f f i c i e n t  i n  f l i g h t .  
i s  f o u r  t imes s m a l l e r  than the  usua l  narrow beam a t t e n u a t i o n  c o e f f i c i e n t .  
Several  square m i l e s  o f  a v a r i e d  underwater landscape have a l s o  been mapped. Such a system can be 
e i t h e r  used a lone i n  a scann ing  dev i ce  o r  i n  c o n j u n c t i o n  w i t h  a e r i a l  photography t o  serve  as 
re fe rence.  
techniques. 
a pu l sed  neon l a s e r  a t  540 nm and a f requency- 
To o b t a i n  a depth r e s o l u t i o n  o f  b e t t e r  than 20 cm, t h e  pu lses  
I n  
Th is  q u a n t i t y  
I n  e i t h e r  case, i t  promises g r e a t  sav ings  i n  t ime  and expense over  t h e  usual  sound ing  
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INTRODUCTION 
The i d e a  o f  ranging underwater w i t h  a pu l sed  l a s e r  was f i r s t  proposed i n  t h e  l a t e  
s i x t i e s . l  I n  1968, G. D. Hickman o f  Syracuse U n i v e r s i t y  Research Corporat ion was the  f i r s t  
t o  demonstrate such a system i n  f l i g h t . 2  
conducted a s e r i e s  o f  f i e l d  t e s t s  w i t h  t h e i r  f i r s t  breadboard model known as Pulsed L i g h t  
A i rbo rne  Depth Sounder (PLADS) between 1971 and 1972.3 
o f  t he  f i e l d  experiments were n o t  s u f f i c i e n t  t o  guarantee e i t h e r  the  performance o f  such a 
technique f o r  sus ta ined  f i e l d  missions, o r  i t s  c o s t  e f f e c t i v e n e s s  i n  comparison w i t h  o t h e r  
a v a i l a b l e  means o f  depth sounding. 
The Naval Oceanographic O f f i c e  i n  Washington, DC 
However i n  e i t h e r  case, t he  r e s u l t s  
The capabi li ty o f  an A i rbo rne  Laser  Bathymeter (ALB) System t o  per form hydrographic  
surveys q u i c k l y  f rom an a i r c r a f t  a t  speeds o f  hundreds o f  knots  has become a m a t t e r  o f  
cons iderable i n t e r e s t  f o r  m i l i t a r y  amphibious t r o o p  l a n d i n g  and peace t ime  geo log ica l  
survey. I n  December 1973, t h e  NASA Wallops F l i g h t  Center l i d a r  research group and t h e  
U.S. Naval Oceanographic O f f i c e  agreed upon a j o i n t  program t o  develop and eva lua te  the  
technique w i t h  t h e  u l t i m a t e  goa l  o f  c o n s t r u c t i n g  "a more r e l i a b l e  and complete" o p e r a t i o n a l  
ALB u n i t  i n  the  near  f u t u r e  (Appendix A). I n  t h i s  agreement, NASA's group, w i t h  i t s  
exper ience i n  a i r b o r n e  l a s e r  f luorosensing,  was t o  be respons ib le  f o r  hardware development 
and f i e l d  t e s t i n g ;  w h i l e  the  Naval group would p rov ide  requirements and a v a i l a b l e  in forma- 
t i o n  on t h e  PLADS p r o j e c t .  The work was i n i t i a t e d  i n  December 1973 and completed i n  
March 1975. This  t e c h n i c a l  n o t e  compiles t h e  r e s u l t s  o f  o u r  15-month p e r i o d  o f  develop- 
mental and t e s t  e f f o r t .  
THEORY 
Conventional l a s e r  rang ing  systems , such as t h e  l a s e r  geodo l i t e ,  e x t r a c t  i n f o r m a t i o n  
f rom t h e  phase de lay  a t  t h e  modulat ion frequency between t h e  l i g h t  em i t ted  and received. 
The l a s e r  beam f rom an a i r b o r n e  p l a t f o r m  undergoes severa l  orders o f  magnitude a t tenua t ions  
as i t  propagates through water .  
p r a c t i c a l l y  a v a i l a b l e  i n  l ase rs  hav ing  low r e p e t i t i o n  ra tes .  
This d i c t a t e s  the  use of h i g h  peak powers which are  on ly  
A i rborne  l a s e r  bathymetry  hinges on the  s imp le  i d e a  o f  sending v e r t i c a l l y  downward a 
l i g h t  pu lse  hav ing  a d u r a t i o n  o f  a few nanoseconds. The t ime delay between the  l i s h t  
pu lse  r e f l e c t e d  f rom the  wa te r  su r face  and the  one coming f rom the  ocean f l o o r  y i e l d s  
water  depth i n f o r m a t i o n  ( f i g .  1 ) .  
i n t e r a c t i o n  o f  several  unp red ic tab le  f a c t o r s  which a f f e c t  water  t u r b i d i t y  and bot tom 
r e f 1  ectance. 
The usefu lness o f  t h e  method depends t o t a l l v  on the  
F R O M  6 . 7 2 1 1 1  D E P T H  
F R O M  1 5 . 6 8 1 1 1  D E P T H  
F igu re  1. - Osc i l l oscop ic  t races  o f  l a s e r  r e t u r n s .  
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The t h e o r e t i c a l  ana lys i s  i nc luded  i n  t h i s  s tudy must, o f  necess i ty ,  on19 deal w i t h .  
t he  fundamental aspects o f  t he  problem. A d d i t i o n a l  m a t e r i a l  has been inc luded  on ly  when 
i t  has a d i r e c t  bea r ing  on the  i n t e r p r e t a t i o n  o f  the  f i e l d  da ta  and the  performance o f  an 
ALB system. 
An a i rbo rne  p l a t f o r m  used t o  range a surface a t  a d is tance,  H, sees a power, P(rec), 
coming back t o  i t  when t h e  t a r g e t  spo t  s i z e  i s  small  compared t o  t h e  distance, H. 
p ( a >  pee -2KH (A-E) P(rec) = 
2 7 ~  H2 
Here, P(a) i s  t h e  t r a n s m i t t e d  l a s e r  power and p i s  t h e  su r face  re f l ec tance .  The 
l a s t  two fac to rs ,  A and E, denote r e s p e c t i v e l y  t h e  area and t h e  e f f i c i e n c y  o f  t h e  de tec to r  
and K i s  t h e  atmospheric a t t e n u a t i o n  constant.  
pulse,  then the  d i s tance  covered H i s  
I f  t i s  t h e  elapsed t ime f o r  t h e  l i g h t  
c t  
2 
H = -  
where c i s  the speed o f  l i g h t .  
On a c l e a r  day, v i s i b l e  l i g h t  i s  n o t  a t tenuated  very  much by several  hundred meters 
o f  atmosphere. When rang ing  water  depth, one f i r s t  observes a s t rong  l i q h t  pu lse  re tu rned  
by the  water  sur face .  
i n t e r a c t i n g  w i t h  the  ocean f l o o r  can be expressed as 
The p o r t i o n  o f  t he  pu lse  t h a t  f i n a l l y  gets t o  the  r e c e i v e r  a f t e r  
For a l a y e r  o f  water  of depth, L, t h e  above express ion inc ludes  the  e f f e c t i v e  
a t tenua t ion  c o e f f i c i e n t ,  y, as measured by t h e  rece ive r . *  The va lue  o f  L i s  r e l a t e d  t o  
t h e  t ime i n t e r v a l  AT between t h e  2 pulses by 
i s  t he  r e f r a c t i v e  index  o f  water.  where 'water 
* An express ion f o r  t he  power coming back t o  the  su r face  o f  a nonsca t te r i nq  medium w i t h i n  
the  r e c e i v e r  f i e l d  o f  view i s  given i n  Appendix B.  
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Oceanographers w i t h  an i n t e r e s t  i n  underwater imaging measure an a t t e n u a t i o n  
c o e f f i c i e n t ,  a ,  u s i n g  a transmissometer. 
through a h i g h l y  c o l l i m a t e d  o p t i c a l  p a t h  o f  length,  L. There a r e  l i g h t  losses due t o  t h e  
absorpt ion,  a, and s c a t t e r i n g ,  s, and a i s  d e f i n e d  as t h e  sum o f  c o n t r i b u t i o n s  f rom both. 
Th is  i ns t rumen t  measures t h e  amount o f  l i g h t  
( 5 )  a = a + s .  
A t y p i c a l  l i g h t  s c a t t e r i n g  arrangement i s  shown i n  f i g u r e  2. A l o t  o f  l i g h t  s c a t t e r e d  
a t  8 "  # 0 by suspended p a r t i c l e s  would n o t  be caught by the  a-meter a t  PI b u t  would s t i l l  
be w i t h i n  the  f i e l d  o f  view o f  t h e  bathymeter. Th i s  geometry app l i es  t o  an a i rbo rne  
d e t e c t o r  s ince  the  l a t t e r  sees a much l a r g e r  area. 
we would expect t h e  ALB t o  measure an a t t e n u a t i o n  c o e f f i c i e n t  s m a l l e r  than t h a t  g iven by 
t h e  convent ional  method. 
(See t h e  f i g u r e  i n  Appendix B . )  Hence, 
F igu re  2. - Photometer ge0metr.y. 
When one measures t h e  l i g h t  loss ,  dp, due t o  abso rp t i on  by a l eng th ,  L, i n  a non- 
s c a t t e r i n g  f l u i d ,  one can d e f i n e  an abso rp t i on  cross sec t i on ,  o (a ) ,  
O p t i c a l  p r o p e r t i e s  o f  sea wa te r  a re  g r e a t l y  a f f e c t e d  by the  s i z e  d i s t r i b u t i o n  and 
index  o f  r e f r a c t i o n  o f  t h e  suspended p a r t i c l e s  i t  conta ins.  
I n  1963, S. Q .  Dunt ley p o i n t e d  o u t  t h a t  t he  l i g h t  d i s t r i b u t i o n  due t o  the  s c a t t e r i n g  
was h i g h l y  peaked i n  t h e  forward d i r e ~ t i o n . ~  This  f a c t  was conf i rmed by others.  
Hickman showed t h a t  i n  the  case o f  l a s e r  l i g h t ,  t he  beam i n t e n s i t y  drops severa l  orders o f  
magnitude when measured between 1" and A s c a t t e r i n g  cross sec t i on ,  o ( e ) ,  p e r  u n i t  
s o l i d  angle can be d e f i n e d  as 
G .  D. 
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T h i s  can be related t o  W .  1-1. Wells' broad beam attenuation coeff ic ient  y ,  by6 
y a + s (> lo")  
We can see t h a t  the broad beam attenuation coeff ic ient  of Wells i s  'a more r e a l i s t i c  
parameter fo r  our ALB application since i t  encompasses the contribution from scat tered 
l i gh t  t h a t  can s t i l l  manage t o  enter  the receiver. 
IP!STRUMENTATIOIJ 
System Description 
In December 1973, the PLADS system was t ransferred t o  NASA Wallops. A careful 
examination of the uni t  showed t h a t  the data processing section was fau l ty  in design and 
the transmitter was t o t a l l y  inoperable. 
e f f o r t  t o  re t r ieve the u n i t ;  therefore,  a decision was made not t o  repair  the PLADS. 
Instead, NASA's airborne l a s e r  fluorosensing unit  was modified f o r  l a s e r  bathymetry. 
The NASA u n i t  was or iginal ly  designed t o  study l a se r  induced fluorescence from various 
marine constituents and had been constructed t o  f i t  the NAS-427 a i r ~ r a f t . ~  The s a l i e n t  
feature of the unit  i s  a 28  cm diameter, f-1,  Cassegrainian telescope which i s  mounted 
on a r ig id  aluminum channel s t ructure  as shown i n  f igure 3. 
of the upright telescope, was or iginal ly  used f o r  mounting an AVCO C-950 pulsed gas 
( e i t h e r  nitrogen o r  neon) l a se r .  
doubled Nd:YAG system which occupies only 23 x 28 x 64 cm and weighs 18 kgs. 
frame was made out of 5 x 10 cm aluminum beams r igidly welded together and shock mounted 
along the sea t  tracks on the f loo r  of the DC a i r c r a f t .  The  short  focal length of the 
primary mirror allowed the receiver assembly t o  be mounted u p r i g h t  and t o  point direct1.y 
downward through the openings o f  the f loo r  and outer s k i n  o f  the a i r c r a f t .  The t o t a l  
we igh t  of the f loo r  package was about 136 kgs w i t h  the Avco gas l a s e r  u n i t  and about 
90 kgs w i t h  the Nd:YAG l a s e r  unit .  
I t  would have required considerable time and 
A large space to  the r i g h t  
The transmitter shmn in the picture i s  a frequency 
The 
5 
F igu re  3. - PIASA's ALB u n i t .  
The NAS-427 a i r c r a f t  i s  a m i l i t a r y  ve rs ion  o f  t h e  DC-4. I t  i s  a f o u r  engine, low-wina 
monoplane w i t h  f u l l y  r e t r a c t a b l e  t r i c y c l e  l a n d i n g  gear. I t  i s  powered by f o u r ,  14 c y l i n d e r  
twin-row a i r c o o l e d  Prat t -Whi tney R-2000 engines and can c a r r y  a cargo l o a d  o f  approximately 
5400 kgs. The p lane has been m o d i f i e d  t o  c a r r y  a c t i v e  and pass ive remote sensing equipment 
w i t h  t h e i r  c o n t r o l ,  power and data c o l l e c t i n g  systems mounted i n  a row o f  48 cm racks.  
Table I summarizes t h e  NASA-ALB u n i t s '  components and t h e  p e r t i n e n t  design parameters. 
TABLE I. - COMPONENTS AND CHARACTERISTICS OF N A S A ' s  ALB SYSTEM 
USED FOR THE JOINT NAVY-NASA TESTS 
a1 TRAVS*lITTtRS: 
Output Wavelength 
540 nm 532 nm 
(neon ion laser) [frequency doubled .A&: Y A G  laber) 
P e d  POWCI. 2 hW ZUV 
Pulse Duration bncec Bnsrc 
Rep Rate 10-200 p p ~  in - so  pp. 
b) RECEIVER: 
28  cm Diameter Cassegrilinian Telescope, f - 1  
rm 8575 RCA 
Filter. U.J nm a t  Yhilr'l a t  5.10 nm, 5 5 2  n m  
cl R E C O R D l 5 C  DEVICtF 
Flight Rccearih % v i c  Camrra hIth JY-r~la 
Waveform D ~ , c i r i z c - r  [Vodifiod Opticai Wltlchannvl Anal\;erl  and a P - T ~ ~ ~ ~  
Map Tape Recorder 
d) A I R C M F T  USED: 
C-54, Military Version o f  DC-4 
Al t i tudes :  150 and 600 meters a t  150 hnots 
Navigational Information An aer ia l  f o o t p r i n t  camera (35 mi 
6 
Transmitters Eva1 uated 
For pulsed mode operation, only two lasers  are c o n e r c i a l l y  available and applicable 
They are a pulsed neon ion l a se r  (540 n m ) ,  and a frequency doubled Nd:YAG t o  bathymetry. 
l a se r  a t  532 nm.  
average power, b u t  the l a se r  was s t i l l  i n  the development stage and n o t  commercially 
available a t  the time o f  l a s e r  se lec t ion .  
A copper vapor l a se r  held a promising outlook i n  i t s  repet i t ion r a t e  and 
A blue-green dye l a s e r  which i s  op t ica l ly  pumped w i t h  a nitrogen u l t r av io l e t  l a se r  
was also strongly considered, b u t  the 10 t o  12 nanoseconds pulse duration was judged t o  be 
unsuitable f o r  a depth resolution o f  30 cm o r  l e s s .  
Therefore, i n  the e a r l i e r  t e s t s  of Decerher 1973 and August 1974 in Key West the 
exis t ing Avco C-950 neon gas flow l a se r  was used. 
color o u t p u t  of 35 microjoules i n  5 nanoseconds. Later, the l a se r  was f i t t e d  w i t h  an 
unstable resonant cavity composed of two Cassegrainian mirrors. 
the physical divergence of the o u t p u t  beam was changed from 2 x 30 milliradians t o  2 x 5 
Originally the u n i t  had a nominal green 
W i t h  the modification, 
system. A careful measurement of the peak power indicated no 
in a 6 nanoseconds duration. 
milliradians for  the new 
more than 1 2  microjoules 
The Nd:YAG laser  un 
Pockels cell  Q-swi tched, 
t which was evaluated in the February 1975 f l  
frequency doubled, and capable of p r o v i d i n g  a 
g h t  t e s t s  i s  
power o u t p u t  
of 10 mil l i joules  in 8 nanoseconds a t  a maximum repet i t ion r a t e  of 50 pps. 
beam divergence can be as narrow as 2 milliradians when used with beam-collimating opt ics .  
Transmitter cooling i s  via a closed cycle, self-contained system. 
The o u t p u t  
Receiver Assehly 
As shown in f igure 3, a 28 cm diameter, f-1, Cassegrainian telescope i s  the main 
feature .  The return s ignals  gathered by the telescope pass t h r o u g h  two remote controlled 
f i l t e r  wheels with s i x  s l o t s  in each. One of the wheels contains s i x  d i f fe ren t  grades of 
neutral density f i l t e r s .  The other  wheel has s i x  narrow band-pass f i l t e r s .  The f i l t e r s  
have the band pass w i d t h  o f  4 angstroms a t  the half in tens i ty  points of the respective 
center wavelengths. 
tube was terminated w i t h  a 50 ohm r e s i s to r .  
An RCA 8575 photomultiplier tube was used. The o u t p u t  of the PM 
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Data A c q u i s i t i o n ,  Processing, and Recording 
The b lock  diagram o f  f i g u r e  4 shows t h e  o u t l a y  o f  NASA's ALB system. The d i s p l a y  
and ana lys i s  o f  very  f a s t ,  s i n g l e  sho t  pulses have l o n g  been one o f  t he  d i f f i c u l t i e s  i n  
i ns t rumen ta t i on .  O f  concern t o  t h e  ba thymet r i c  i n f o r m a t i o n  a r e  d u r a t i o n  and ampl i tudes 
o f  two success ive peaks o f  each waveform. 
two hundred nanoseconds, t h e  i n p u t  gate o f  t h e  r e t u r n  s i g n a l  f rom t h e  PM tube was normal ly  
closed. 
compensated sync s i g n a l  reached the  scope's e x t e r n a l  t r i g g e r .  Then t h e  o s c i l l o s c o p i c  
d i s p l a y  o f  i n d i v i d u a l  shots was recorded us ing  e i t h e r  o f  t he  f o l l o w i n g  methods. 
Because t h e  event  occurs i n  t h e  t ime  window o f  






POLAR 12 E R  
Figure  4. - Block diagram o f  NASA's ALB system. 
Movie Camera. - One sure way t o  reco rd  f a s t  t r a n s i e n t s  has been t o  use a movie 
camera and record  the  osc i l l oscope  t race .  A 35 mn F l i g h t  Research movie camera, ( M u l t i -  
data Model I V - C )  was used w i t h  a Tek t ron i x  475 scope w i t h  P-11 phosphor. The camera was 
d r i v e n  a t  10 frames p e r  second, thereby l i m i t i n g  t h e  l a s e r  f i r i n g  r a t e  t o  10 pps. S ince 
the  camera was f r e e  running, the  l a s e r  had t o  be t r i g g e r e d  by t h e  camera. 
mic roswi tch  r i d i n g  on a cam i n s i d e  the  camera drove two monostable m u l t i v i b r a t o r s  t o  
A s t a t i o n a r y  
8 
create  noise f r ee ,  very short  l a s e r  tr igger pulses. 
Eastman Kodak 4X negative 5224 fi lm (ASA-1,000) was most su i t ab le  f o r  the purpose. 
thousand frames of ALB return s ignals  have been recorded in  this manner. 
disadvantages are: 
requires manual viewing analysis.  
Lab studies have shown bs t h a t  
Many 
the time required t o  develop the photographic images, and each image 
However, obvious 
On-Line Hardwired Device. - T h e  most pertinent information i n  ALB i s  the time in t e r -  
val measurement of the two peaks. 
oscil loscope, threshold t r i g g e r i n g  techniques could probably be working detecting the two 
cres t s .  
development grant was awarded t o  Dr. Trehan of Hampton I n s t i t u t e ,  Hampton, VA f o r  the 
fabrication of a prototype time interval counter.* The package was delivered t o  NASA just  
p r io r  t o  the A u g u s t  1974 Key West f l i g h t  t es t  and could not be adapted in to  the system in 
time. However, the A u g u s t  t e s t  has shown us tha t  a s ign i f i can t  portion of the return data 
i s  of a marginally small amplitude and the threshold triggering technique would have had 
d i f f i cu l ty  operating among the spurious noise spikes. Subsequent e f f o r t s  were focused on 
the development of a t o t a l  waveform d i g i t i z e r  of high repet i t ion ra te .  
Even before the waveforms are  being displayed on an 
The  data processing of the PLADS unit  was based on this approach. A research and 
Quasi Two Dimensional Waveform Digitizer.  - One company advertises a t o t a l  wave- 
form d i g i t i z e r ,  including a minicomputer t o  perform real time analysis of t ransient  
pulse. Upon inspection, t h i s  system was found t o  have a maximum repet i t ion r a t e  of 5 
frames per second, whereas we required a m i n i m u m  of 10-30 pulses a second. 
extensive work t o  develop our own waveform d ig i t i ze r .  
channel analyzer (OMA) along w i t h  i t s  f a s t  analog t o  d ig i t a l  conversion capabi1it.y was 
u t i l i zed .  
intensi ty  focused on the t a rge t  of a s i l i con  vidicon. 
each segment ( o r  channel) i s  integrated,  digi t ized and transferred t o  a d ig i ta l  tape 
recorder a t  the maximum r a t e  of 30 scans per second. 
sional waveform from the oscilloscope screen i n t o  one dimensional s t reak on the s i l i con  
surface,  an optical  arrangement shown i n  f igures 5 and 6 was devised. 
a masked device t o  obstruct baseline phosphorescence of the oscilloscope t r ace ,  B i s  a 
cylinderical  lens,  C i s  a focusing lens ,  and D i s  the imaged scope t r ace  i n  one dimension. 
The t race  imaged on the s i l i con  t a rge t  produces an intensi ty  modulation which i s  roughly 
proportional t o  the amount of deflection on the original scope. T h u s  we were able t o  
record 200 nsec traces i n  a digi t ized format a t  the repet i t ion r a t e  of 30 frames per 
second. A typical example of a digi t ized waveform from the u n i t  i s  shown  i n  figure 7 .  
T h i s  i n i t i a t e d  
In our approach an optical  multi- 
The OMA provides simultaneous detection of 500 segments of a dispersed l i g h t  
The photon in t ens i ty  incident on 
In order t o  compress an X - Y  dimen- 




x 30 PPS 
W A V E F O R M  DIGITIZER 
C ARITHMETIC M O D U L E  
1 
9 TRACK M A G  TAPE 
DELAYED SYNC 
Figure  5. - Schemat ic  diagram o f  the waveform d i g i t i z e r .  
F igu re  6 .  - !daveform d i g i t i z e r .  
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- !  I 
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F i gu re  7. - ldaveform d i g i t i z e r  p r i n t o u t .  
FIELD TESTS 
It was o r i g i n a l l y  planned t h a t  t he  ALB would be f l i g h t  t e s t e d  by t h e  NAS-427 a i r -  
c r a f t  o f f  t he  coast  o f  Chincoteague I s l a n d  and i n  the  Chesapeake Bay. 
i n  t h e  e a r l y  summer o f  1974 i n  these areas showed t h a t  t he  water  a t t e n u a t i o n  c o e f f i c i e n t  
( a )  o f  the  o p t i c a l  beam ranged f rom 3.0 t o  5.0 m - l .  
5 t o  7%. Under these cond i t i ons ,  i t  would be extremely d i f f i c u l t  t o  d e t e c t  any l a s e r  
r e t u r n s  even from a 2-meter depth. Therefore,  f o l l ow-on  f l i g h t s  were planned f o r  t h e  
area o f f  t he  coast  o f  Key West i n  the  G u l f  o f  Mexico. 
However, f l i g h t s  
The bottom r e f l e c t a n c e  was t y p i c a l l y  
Key West F l i g h t  Tests 
For t h e  Key Nest . tes t ,  a f l i g h t  p l a n  was developed which p rov ided  f o r  repeated f l i g h t s  
o f  t h e  ALB u n i t  over  a con f ined  t e s t  area u n t i l  a l l  t h e  ALB parameters became known aaa ins t  
t h e  known s e a - t r u t h  o f  t he  area. Thus, a narrow s t r i p  o f  f l i g h t  l i n e  was s e l e c t e d  o f f  
Boca Chica Key as shown i n  f i g u r e  8 map i n  August 1974. The survey l i n e  s t r e t c h i n g  between 
Saddlebunch Key and Middle Sambo ( through the  C-55 Marker Buoy i n  Hawk Channel) conta ins 
severa l  remnant c o r a l  heads, a deep channel and monotonously graded coarse sandy s lopes.  
11 
Figure 8. - Hydro c h a r t  o f  Boca Chica Area. 
12 
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I n  bo th  the  August and February t e s t s ,  a number of  buo.ys were l a i d  a long the  15 km 
l o n g  f l i g h t  path,  s u b d i v i d i n g  the  s t r e t c h  i n t o  17 zones as s h w n  i n  the  map. 
a long the  l i n e  were almost e n t i r e l y  carbonate and v a r i e d  from a r e l a t i v e l y  coarse sand 
o v e r  most o f  t he  l i n e  t o  a very  f i n e  c l a y - s i l t  i n  Hawk Channel (Zones C t o  6 ) .  
The sediments 
The vegeta t ion  occurs t h i c k e s t  i n  shoaly  areas f l a n k i n g  the  channels. From bo th  
sea and a i r  the  abruptness of these t h i c k  patches was noted, and as miah t  be expected, 
these corresponded t o  d imin ished and o f t e n  ha rd  t o  i n t e r p r e t  l a s e r  r e t u r n s .  Sehveen 
these t h i c k  patches are f a i r l y  evenly  spaced assemblages of grasses, smal l  co ra l s  and 
sponges. 
fered w i t h  some l a s e r  r e t u r n s .  
The sponges o f t e n  a t t a i n e d  he igh ts  o f  2 meters and are  suspected t o  have i n t e r -  
(See f i g .  9 . )  
F igure  9 .  - Underwater veqe ta t i  on. 
I n  August 1974, 28 t e s t  runs i n  seven days were made i n  the  area. I n  February 1975, 
19 a d d i t i o n a l  t e s t  runs were made i n  the  same area. 
data a c q u i s i t i o n  modes and exper imenta l  s e t  up and purposes are  l i s t e d  i n  t a b l e  11. 
The complete t e s t  schedules, t h e  
14 
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TABLE 11. - KEY NEST FLIGHT TEST SCHEDULE 
NEON LASER B A W M E T E R  FLIGHT TEST 
(KEY WEST TEST AUG. 20-28, 1974) 
T W A L  
RUN TINE 
1:50 *cc 








































































19: 38: 00 
19: 48: 00 
17:49:10 
STUP 





19: 30: 00 





















NOTE FOOT PRINT CAMERA F W l E  
False Triggering 232-16-43:45 






09 : 04 
46:26 
81, 03, 84, 02, 
c55 
Drifted off  course 
aborted good return 234:18:06:19 17:56:00 17:58:50 2:50 rec A(ertended t o  .220° 
18:06:00 18.08:53 2:53 iec Il. Sambo) 220° 
2200 
220' 
18'16:13 IB:19:06 2:53 iec 




16:33:00 16:35:55 2:55 sec 
16:43:30 16:46:30 3:OO sec 
16:55:00 16258-03 3103 iec 
NO Polarizer 
45' t N.0.12 
45' t N.D.Ll 
235:16:43:39 
2200 
~~ ~~ ~ 
17:07:17 17:09:15 2:58 5oc Smtial Filter 
(High Altitude Rayleigh Scattering Measurements) 
11:39:00 11:42:16 3:16 sec 




4.13, 16, IS, 14, 
12. 7, 6, C-55. 015 
Z a I O O O  812, 6. 5 ,  e-55. 
16: 54: 00 
I7 : OB: 00 
17 : 16 :00 
17:25:05 
17:32:40 




16:55:30 1:30 5ec Wrong Course 160' 
17:17:43 1:43 sec B I 3  160D 
B X4 160- 17:26:53 1:48 5eE 
17:34:00 2:no S ~ C  B 8 5  160' 
8 I 1  160' 17:41:17 l:J7 sec 
10:25:10 4.00 LCE A (Cxrcndcd 220-  
10:30:55 3:55 sec beyond Il. 40- 
10:37:00 2:30 sec Sambo) 220' 
17:09:42 1:42 sec B n2 i60D 
Vapping E X ~ ~ C L S ~  
'lapping E x e r c i s e  
Mapping Exercise 
$lapping F x e r c ~  se 
Mapping F i e r c ~ r e  
Unpping Exercise 
Bathpetri c 




Runs out  f i l m  
CREQUENCY W U B L E O  NO YAG LASFR FLIGHT TEST 
(KEY WEST TEST FEE. 19-27, 19751 
RUN 
ALTINOC LOCATION EXPFRIMENT 
150 m e t e r r  A OMA Real Time Insfrumentation 
A 4X Fllm Test 
2000 meters B Zeibs Camera Test Run 
B Zelrs Camera Test Run 
600 meters A 600 meter a l t i t u d e  run 
150 meters A Repeat of Run 132 a t  lover altitude 
150 meters A cross POlarllatlO" 
600 meters A 600 meter5 altitude 
600 meters 
600 meter5 A ncpeat of R~~ 132 
A Parailel Poiarlzatlon 
postponed, instead photo calibration runs in Ah1 due to extreme 
RUN TIME START smr 
29 11:29:46 11:33:Ll 
30 11:40:50 11:44:13 
DATA kWDL FOOT PRINT CAMERA 
LI:29:46-11:33:1I OIL4 
Camera 
(No l a s e r  data) 
(4X Film) 16:03-36-07:1l (159 Images) 
(Jittery Noise) (150 Images) 
(4X Film) 5 f ramelrec (450 Lmagcr) 
no film images 
0.75 frameslsec 
turbid water conditions 
OATt FLT 
2-19-75 9 
2-20-75 10 15:52:20 15:54:35 
31 16:03:35 16:07:12 
15:58:40 i6.0n:is 
32 16:15:Ol 16:18:25 
3 3  16:26:10 l6:29:37 
34 10:22:52 10:26:13 
35 10:34:26 10:37:46 
36 10:46:41 10:50:04 
cancelled 
Photo laser combination t e s t  
bbrning f l i g h t  postponed 
37 16:15:40 16:19:00 
Other runs postponed 
Other IUQE postponed 
Bad weather and turbid water 
08:59:30 Aborted 
38 09:06:08 09:09:37 
39 09:16:29 09:20:12 




A OhlA. A-8 Mode Cross Polarization Test  OlL4 ( R-003) 
Test 




in The Key West 
Off course 
600 meters  
600 meters 
600 meters 
A OM4 and Auto Tape Nav. System Test (OIL4 AR-0041 
A 4 X  - Film Auto-Tape ( 4 X  Film) 
B Stereo Photo-Laser Combination Test (f-8,  11400 S ~ C .  - camera) 
A OVA Real Time  
snd ((h,M] 
B Photo-Laser Combination Test Mapping Exercise (OMA-Zeiss Cameral 16 4 1  16:25:03 16:27:30 600 mcters 
4 2  16:30:51 16:35:30 
43 16:42:49 16:45:13 
44 16:50:52 16:53:16 ~~ ~ ~ 
45 16:59:21 17:01:37 
46 17:14:05 17:16:26 
47 17:25:37 17:29:13 
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Dur ing t h e  20 day miss ion ,  about 120,000 l a s e r  shots were f i r e d ;  100,000 o f  t h e  sh.ots 
a re  recorded on 4 X - f i l m  and 20,000 a re  recorded on 9 - t r a c k  tape, v i a  the  waveform d i g i t i z e r .  
For the  most p a r t ,  areas were surveyed by the  su r face  vessel  crew f o r  the  t ime f l i g h t s  
had been planned. 
d i d  n o t  i n t e r f e r e  i n  most o f  t he  f l i g h t s .  
t he  scheduled pho to - lase r  combinat ion t e s t s  were i n t e r f e r e d  by  extreme t u r b i d  water  a t  t he  
t e s t  s i t e  as an a f te rmath  o f  a m i l d  t r o p i c a l  s to rm which passed through the  i s lands  the  
evening o f  February 22. 
S ince t h e  f l i g h t  a l t i t u d e s  d i d  n o t  exceed 600 meters, t he  c loud  cover  
But f o r  t h ree  days between February 24 t o  26, 
Whenever a t e s t  f l i g h t  run  was considered t o  be meaningfu l ,  t h e  f o o t p r i n t  camera on 
board was swi tched on i n  o r d e r  t o  reco rd  t h e  exac t  f l i g h t  pa th  and i t s  underwater fea tures .  
Exce l l en t  a e r i a l  coverage o f  t h e  e n t i r e  s t r e t c h  i s  a v a i l a b l e  f rom t h e  a l t i t u d e s  o f  150 
meters and 600 meters. The en la rged a e r i a l  photo o f  Zones G t o  J i s  shown i n  f i g u r e  10. 
The images a r e  f rom Run 34. 
Ocean F l o o r  P r o f i l e  f rom the  F i e l d  Data 
The pr imary o b j e c t i v e  o f  t he  Key West t e s t  s e r i e s  was t o  eva lua te  the  ALB technology 
i n  f i e l d  cond i t i ons .  The emphasis was on the  s tud ies  o f  l a s e r  pene t ra t i on  c a p a b i l i t y ,  t he  
e f f e c t s  o f  va ry ing  hydrospher ic  parameters on the  opera t i on ,  and ins t rumenta l  performance. 
Therefore,  the  major  p o r t i o n  o f  the data was recorded f o r  t h i s  purpose. However, some of 
t he  r e t u r n  data cou ld  be used f o r  c r e a t i n g  a bot tom contour  o f  t he  t e s t  s i t e .  The under- 
water  topographic  contour  shown i n  f i g u r e s  10, 11, and 12 were a l l  produced manual1.y b.y 
p o i n t  p l o t t i n g  the  r e t u r n  waveforms o f  the  4X- f i lm.  
underwater fea tures  o f  Zones G t o  J .  The top  a e r i a l  images are  from the  3 5 m  f o o t p r i n t  
camera, and do t ted  ocean f l o o r  contours were made f rom the  r e s u l t s  o f  Runs 34 
The bottom bathymet r ic  i s o b a r  c h a r t  was generated by combining the  photo image i n f o r m a t i o n  
( th rough a s te reo  viewer) and t h e  t r a n s e c t i n g  l a s e r  data l i n e s  as re fe rence.  
shows the  l a s e r  data and corresponding sonar readout; f i g u r e  12 was generated i n  suppor t  o f  
Navoceano's Coastal Area Photo Survey (CAPS) exerc ise  (Tes t  Area B on the  map). 
F igure  10 p e r t a i n s  t o  more d e t a i l e d  
and 36. 
F iqure  11 
Computer Aided Data 
As shown i n  the  t e s t  schedule o f  t a b l e  11, the  s i g n i f i c a n t  e 
Th is  form o f  data ga the r ing  i s  e s s e n t i a l  
We were f i n a l l y  ab le  t o  reco rd  
The remain ing runs up t o  4 
t h e  waveform d i g i t i z e r .  
successfu l  l i nkage  t o  a computer. 
tape on the  a f te rnoon o f  February 27. 
f o r t  was pu t  i n  t e s t i n g  
i n  o rde r  t o  achieve a 
the  re tu rns  o f  Run 39 on 
were recorded on 9 t r a c k  
16 
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Figure 10. - Aerial photo coverage of Zones H t o  K .  
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Figure 10. - (continued) 
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Figure 11. - Laser bathymeter bottom prof i le  and matching sonar char t .  
I I 
. 
Sa. d Boca Chica Kay, Fia.  
Figure 12 .  - Underwater topography created by an airborne l a se r  bathymeter (CAPS S i t e ) .  
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magnetic tapes. 
simultaneous reco rd ing  o f  t h e  r e t u r n  shots i n  b o t h  movie camera and a waveform d i g i t i z e r .  
However, f rom t h e  r o l l s  o f  9 - t r a c k  tape, we were ab le  t o  process and d i s p l a y  the  f l i g h t  
r e s u l t s  o f  Run 39. 
I t  i s  un fo r tuna te  t h a t  t he  i ns t rumen ta t i on  does n o t  a f f o r d  t h e  
C O L M N  OR R O W  
GRAPH PROGRAM 
The computer l i n k ,  which was developed t o  process Run 39 data, i s  shown i n  f i g u r e  13 
b lock  diagram. An OMA on board t r a n s f e r r e d  each t r a n s i e n t  pu lse  shape i n t o  500 d i g i t a l  
channels and each channel con ta ined 2 b i t s  o f  ampl i tude i n f o r m a t i o n .  The d i g i t i z e r  i s  
capable o f  hand l i ng  such scans a t  t he  r a t e  o f  30 cyc les  p e r  second. A so f tware  package 
was developed t o  process the  waveform data on the  Wallops Honeywell 625 computer. 
main code t ransc r ibes  the  raw data i n t o  a form which i s  s u i t a b l e  f o r  easy access and 
man ipu la t ion .  One can then c a l l  a number o f  programs f o r  f u r t h e r  process ing.  Options 
i n c l u d e  numerical p r i n t o u t s  o r  continuous p l o t s  o f  the  scans. 
waveform i s  shown i n  f i g u r e  7. 
8 
The 
A sample Calcomp p l o t  o f  a 
C R L C O M P  
PLOT 











9 T R A C K  T A P E  TRANSPORT PROGRAM 
F R O  R E S P O N S E  
SCAN OROER VS 
D E P T H S  
P E A K S  P R O G R A M  
c 
D M P B L K  PROGRAM 
Figure  13. - Block diagram o f  computer l i nkage .  
A program was a l s o  w r i t t e n  t o  recognize the  two h ighes t  peaks o f  a t race ,  and t o  
t ransform the  channel separa t i on  between the peaks i n t o  a depth reading. Data o r i p i n a t i n a  
f rom Run 39 i s  shown i n  f i g u r e  14. D i f f e r e n t  rows p e r t a i n  t o  consecut ive l a s e r  r e t u r n s .  
For ins tance,  t he  waveform shown i n  f i g u r e  7 i s  taken f rom the  150th pu lse  o f  the Run 39 
i n  the  f i g u r e  14. The waveform shows the  f i r s t  i n t e n s i t y  maximum i n  the  318th channel and 
20 
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Figure 14. - Bottom p ro f i l e  by the computer output 
i t s  amplitude was 600 counts whereas the second peak occurred i n  the 374th channel with 
r e l a t ive  amplitude count of 670. 
equivalent t o  a photon t r a n s i t  time of 56 nanoseconds since the 500 channels represent 500 
nanoseconds i n  t h i s  s e t t i ng .  
6.27 meters and i t  i s  so registered in figure 14. 
Fifty-six channels separate the two c re s t s .  T h i s  i s  
Therefore, the corresponding depth a t  these points i s  about 
FURTHER ANALYSES OF SELECTED DATA 
Table I 1  summarizes a l l  the NAS-427 t e s t  f l i g h t s .  Of the 47 f l i g h t s ,  the resu l t s  from 
The reasons f o r  select ing the following four t e s t  runs were selected fo r  fur ther  analysis.  
Runs 26, 34, 35, and 36 are :  
a. Run 26 was made with a pulsed neon l a s e r  a t  the a l t i t u d e  o f  150 meters. 
b.  ' Run 35 represents the returns from a Nd:YAG l a s e r  a t  the  a l t i t u d e  o f  150 meters.' 
c. Run 34 was the repeat o f  Run 35 except t h a t  the receiver had a l i nea r  Dolarizing 
f i l t e r  normal t o  the incident beam polarization. 
d.  Run 36 was chosen as the r u n  was essent ia l ly  a repeat of Run 34 b u t  a t  the 
a1 t i  tude of 600 meters. 
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The 4X-film recordings of the return traces  of a l l  the four runs were excel lent  and 
coordinated sea-truth is  avai lable  on bo th  f l i g h t  dates. 
In the analysis ,  only those returns from Zones G t o  K of the t e s t  area were selected.  
The chosen sample The f i r s t  and second peak amplitudes and t h e i r  separation were entered. 
Zones G t o  K largely consis t  of rapidly changing bottom contours of mixed sand, coral and 
vegetation textures as shown i n  f igure 9 (underwater scene). 
area was re la t ive ly  uniform. 
The water c l a r i t y  of the 
Each r u n  yielded about 200 data points i n  each category. 
Surface Reflectance 
Time averaged reflectance a t  normal incidence from a smooth sea surface i s  nominally 2% 
from the relat ion 
where E( i )  and E(r) denote the amplitudes o f  the e l e c t r i c  vectors i n  the incident and 
ref lected.  
charac te r i s t ics  of the ref lected and transmitted beams depend on the angle o f  incidence 
of the beam on the local wave slopes. 
average d is t r ibu t ion  of slopes a t  a p o i n t  on the ocean surface and i t  can be developed t o  
express a time average re f lec t ion .  
In pulsed operation, the reflectance varies from pulse t o  pulse and the 
A slope-frequency function represents a time 
Table I11 was tabulated for the analysis of l a se r  beam ref lec t ion .  
of the tab le  denotes the mean averaged values o f  the surface ref lect ion peaks of each r u n . *  
Unfortunately the scale  i s  a rb i t ra ry ,  only the mean values o f  Runs 34 and 35 are re la t ive .  
However, i t  shows tha t  our mean averaged figures are comparable t o  the nominal 2% surface 
ref 1 ectance. 
The th i rd  column 
* Defin.ition of sample average (Mean Average) and the sample variance ( S . D . )  
n 
k= 1 
= 1 C y (5) = a function y ( x )  of the random variable x n 
s z  = - 212 s = standard deviation i s  a measure of 
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Run #35 
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TABLE 111. - MEAN AVERAGED SEA SURFACE REFLECTION PEAKS 
AND ITS STANDARD DEVIATIONS 











I Std .  D e v i a t i o n  I S.D./M.A. 1 
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The t a b l e  a l s o  shows the  tendency o f  i n c r e a s i n g  s tandard dev ia t i ons  f o r  cross p o l a r i z e d  
r e f l e c t f o n s  as i n  Runs 34 and 36 i n  comparison w i t h  Runs 26 and 35. 
o f  p o l a r i z a t i o n  ana lys i s  of the  su r face  r e t u r n  can be seen by comparing Runs 34 and 35 as 
g iven i n  t a b l e  I V  and i t s  h is togram i n  f i g u r e s  15.  
150 meters and the  l a s e r  beam spo t  s i z e  on the  sea sur face  was about 50 cm i n  diameter.  
Moderate 4 t o  5 knot  winds p r e v a i l e d  on the  morning and b r i g h t  t r o p i c a l  midmorning sun 
and c l e a r  water  were t h e  f l i g h t  cond i t i ons .  
as t h e  ou tpu t  was i n  the  c a v i t y  dumping mode by  the  p o l a r i z a t i o n  coup l i ng  technique.  
Therefore,  by s imp ly  changing the  d i r e c t i o n  o f  t he  r e c e i v e r  p o l a r i z e r ,  the  su r face  r e f l e c t -  
ances v i a  the  r e f l e c t i o n  p o l a r i z e d  normal t o  t h e  d i r e c t i o n  o f  the  p lane o f  inc idence (Run 
34) and the  r e f l e c t i o n  p o l a r i z e d  p a r a l l e l  (Run 35) can be compared. A wide f l u c t u a t i o n  i n  
the  ampl i tude was expected as the  random d i s t r i b u t i o n  o f  the  reso lved sea slopes by the  
narrow l a s e r  beam w i l l  r e s u l t  i n  random r e f l e c t i v i t y .  One would expect  t h a t  t he  w ind  
cond i t i ons  o r  sea sur face  roughness would d i r e c t l y  i n f l u e n c e  the  skewness o f  t he  d i s t r i -  
bu t i on .  
f a c t o r  o f  almost f o u r .  
d e p o l a r i z i n g  s c a t t e r e r ,  i f  we d e f i n e  a 50-50 i n t e n s i t y  r a t i o  as 100% depo la r i za t i on .  Th is  
s u r p r i s ' i n g l y  l a r g e  d e p o l a r i z a t i o n  e f f e c t  i n  r e l a t i v e l y  ca lm waters shou ld  be i n t e r p r e t e d  
as favorable t o  the  design o f  a scanning a i rbo rne  l i d a r  system; the  i s o t r o p i c  r e f l e c t i o n  
of 0.5% from of f  normal i nc idence  i s  n o t  expected t o  drop o f f  very  sharp1,y as t h e  angle o f  
inc idence increases. 
re tu rns  a t  any scan angle. 
More d i r e c t  comparison 
Both runs were made a t  t h e  a l t i t u d e  o f  
The Nd:yAr, l a s e r  beam !vas t o t a l l y  p o l a r i z e d  
A t  any r a t e ,  t he  mean averaged ampl i tude o f  Run 34 i s  sma l le r  than Run 35 by a 
Th is  means t h a t  t h e  surface i s  about a 25% e f f i c i e n t  i s o t r o p i c  
Thus one would always expect  c o n s i s t e n t l y  recogn izab le  sur face  
23 
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W I T H  P A R A L L E L  P O L A R I Z E R S  “I 
W I T H  C R O S S  P O L A R I Z A T I O N  
A M P L I T U D E  
Figure 15. - tlistograms from surface ref lect ion data.  
Effective Attenuation Coefficient 
In tab le  V the return amplitudes of each r u n  from various bottom depths are  l i s t e d  
along w i t h  their  standard deviations. 
ref lect ions and a f a i r l y  constant r a t i o  of the standard deviation t o  the mean averaged 
amplitude i s  observed. 
h e i g h t s  a re  i n  the r a t i o  of 6 t o  4.  
bottom i n  the area i s  about a 66% effective depolarizer o r  randomizer of the polarized 
beam. 
The peak dis t r ibut ion was random as i n  the surface 
The comparison of Runs  34 and 35 shows tha t  the average peak 
One could infer from this observation t h a t  the sea 
25 
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0.540 0.171 1 0.577 
0.380 0.147 1 0.489 
0.294 0,103 I 0.424 























Tabulated amplitudes from tab le  V can be used fo r  the calc,ulation of the e f fec t ive  
attenuation coeff ic ients  of the ALB u n i t .  For we know,  the empirically tabulated return 
signal in tens i ty  i s  a function of the optical path length. #e can calculate  the e f fec t ive  
attenuation constant, y, from the following relat ion:  
-2y (L ' -L )  I ( L ' )  = I (L)e 
where, I ( L )  denotes the observed mean in tens i ty  a t  the water depth of p o i n t ,  L, as 
received by the NASA ALB u n i t .  
and the resu l t s  of Runs 35 and 36 are  plotted i n  f igure 16. The empirical data shows tha t  
the actual l a se r  beam i s  only attenuated a t  the r a t e  of exponential 0.2 m-l as the beam is 
propagated downward and returned t o  the surface. 
The resu l t s  of the y calculat ions a re  l i s t e d  i n  table  V I  
26 
TABLE VI. - EFFECTIVE ATTEriUATION COEFFICIENTS AS THE FUNCTION OF DEPTHS 
1'- L ( i n  m) 
8.0 - 4.5 
8.9 - 5.36 
9.8 - 6.26 
10.7 - 7.15 
11.6 - 8.05 
12.5 - 8.94 
13.4 - 9.83 
14.3 - 10.7 
15.2 - 11.6 
16.1 - 12.5 
16.9 - 13.4 
17.8 - 14.3 
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O P T I C A L  P A T H  L E N G T H  
Figure  16. - ys from runs 35 and 36. 
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For reference, the i n  s i t u  measurements of alpha values a t  the approximate time of. 
From the data ,  we 
the f l i gh t s  are given i n  t ab le  VI1 and f igure 17.* The buoy marks, 7 ,  13, 20, and 18, 
denote the boundaries of Zones G ,  H ,  I ,  and J on the map ( f igure  1 7 ) .  
see  tha t  the averaged alpha values a re  five times la rger  than the gamma and t h i s  r a t i o  i s  
expected t o  be variable depending on the t ransmit ter / receiver  geometry and volume 
sca t te r ing  function of the sea water medium. This can be shown by comparing the gamma 
values from Runs 35 and 36 as shown i n  figure 16. 
the f i e l d  of view of the ALB receiver was no t  su f f i c i en t ly  large enough t o  contain a l l  the 
forward sca t te r ing  lobe of the upwelling l i gh t  as the depth increases beyond 7 t o  8 meters 
i n  Run  34. Therefore, increasing losses due t o  the receiver geometry have resulted i n  the 
upward tendency i n  the plot  i n  f igure 16, whereas the 600 meter a l t i t ude  f l i g h t  data 
indicates f a i r l y  uniform gamma values regardless of depth. This discrepancy between and 
y was observed e a r l i e r  by Hickmans in his laboratory experiments. 
quartz and natural sediment were used t o  mock-up the water t u r b i d i  t.y conditions. 
e f f ec t i  ve at tenuat i  on coeffi ci en t ( aeff = B 
A t  the platform a l t i t ude  of 150 meters, 
I n  these studies bo th  
An 
f )  was defined by Hickman t o  explain the 
resu l t s  of these experiments. In his expression, 6 = constant 
the absorption and sca t te r ing  coef f ic ien ts ,  respectively. 
(3.30) while a and  s are 
TABLE VII. - IN SITU a-READINGS 
I Sample Transmissiv i tw 
~ 





-6 1/2 33 
1 :  
-1 40.5 
-2 42 





I -1 43 
1 -2 43.5 
-3 44 
-4 44 
-5  44 
I -6 44 
-7 44 
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I 
* The sea-truth data along the f l i g h t  l i ne  was made avai lable  t o  us by R .  N .  Swift, 
Marine Science Consorti um, Lewes , Del aware. 
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F igu re  17. - a-readings a long t h e  survey l i n e .  
DISCUSSION AND CONCLUSIONS 
I n  p r a c t i c e ,  t h e  use o f  t h e  ALB i s  l i m i t e d  t o  shal low coas ta l  waters .  Th is  i s  due t o  
t h e  moderate losses exper ienced underwater by a l i g h t  beam. 
o f  such a system r a i s e s  a number o f  quest ions:  
The p r a c t i c a l  implementat ion 
a. What i s  t he  maximum dynamic range a t t a i n a b l e ?  
b. 
c. 
How can an ALB u n i t  be a c t u a l l y  used i n  mapping? 
I s  i t  p o s s i b l e  t o  design an a c t i v e  scanning de i c e  t o  cover  a w i d e r  l a t e r a l  swath? 
I n  o r d e r  t o  c l a r i f y  some o f  these quest ions,  t h e  l i m i t a t  
a re  discussed i n  t h i s  sec t i on .  
ons i n h e r e n t  t o  ALB technology 
ALB performance i s  u l t i m a t e l y  l i m i t e d  by noise. 
t i o n s  f rom atmospheric l i g h t  and sea su r face  modulat ion.  
darkness ove r  smooth waters, t h e  minimum d e t e c t a b l e  s igna l  depends o n l y  on t h e  sho t  no ises 
i n  t h e  p h o t o m u l t i p l i e r  tube. 
becomes severa l  o rde rs  o f  magnitude l a r g e r  and t h e  background c o n t r i b u t e s  a power 
The background l e v e l  has c o n t r i b u -  
When t h e  ALB i s  f l o w n  i n  t o t a l  
I n  d a y l i g h t  operat ion,  however, t h e  background dc l e v e l  
29 
2 where S i s  t h e  sea su r face  i r r a d i a n c e  i n  WattS/Ax - cm . 
i n c i d e n t  sun angle, sea su r face  r e f l e c t i v i t y ,  e t c .  
on t h e  sea surface. 
AI,  i s  used t o  reduce the  e f f e c t  o f  s u n l i g h t .  
Th is  q u a n t i t y  depends on the  
The r e c e i v e r  sees an area, A ( s u r f ) ,  
A s p e c t r a l  f i l t e r  w i t h  t ransmi t tance,  T( f) , and a frequenc.y window, 
I f  Po i s  the  l a s e r  power received, then aga ins t  t h e  background, P(b), the  system 
can reso lve  a maximum depth 
and y I s  t he  e f f e c t i v e  a t t e n u a t i o n  c o e f f i c i e n t  as measured by t h e  ALB. 
F igure  18  i s  a p l o t  o f  equat ion  14. The maximum depth i s  shown as a f u n c t i o n  o f  y 
7 f o r  va ry ing  values o f  P,/P(b). 
n i g h t .  
under a no ise  requi rement  power o f  10-l '  W w i t h  a 50 ohm t e r m i n a t i o n  i n  t o t a l  darkness and 
a frequency doubled Nd:YAG l a s e r  o f  2 MW peak power be ing  f lown a t  600 meters. 
value o f  y = .175 m t y p i c a l  o f  t he  Key West waters ,  t h e  maximum depth i s  50 meters. I n  
d a y l i g h t  opera t ion ,  t h e  r a t i o  o f  P,/P(b) va r ies  f rom 10 t o  10,000 ( a t  dusk). The p l o t s  i n  
f i g u r e  18 are v a l i d  f o r  any ALB system. It i s  i n t e r e s t i n g  t o  no te  t h a t  Po ,  P(b) and y 
are a l l  q u a n t i t i e s  t h a t  can be measured f rom an a i r p l a n e  p la t fo rm.  A w e l l  designed ALB 
compr is ing a minicomputer, under favo rab le  weather and t u r b i d i t y  cond i t i ons  , cou ld  be ab le  
t o  p r e d i c t  the  performance o f  the  system f o r  t he  miss ion .  
We es t imate  t h a t  t h i s  r a t i o  can be as l a r g e  as 10 a t  
Th is  value i s  de r i ved  on the  assumption t h a t  a p h o t o m u l t i p l i e r  tube i s  ope ra t i ng  
With a 
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APPENDIX A 
AGREEMENT BElWEEN THE U.S. NAVAL OCEANOGRAPHIC OFFICE, HYDROGRAPHIC DEVELOPVENT D I V I S I O Y  
AND NASA WALLOPS STATIOY 0!4 THE DEVELOPMENT OF AN AIRBORNE LASER DEPTH SOUYDING SYSTEY 
1. BACKGROUND 
a. The U. S. Naval Oceanographic O f f i c e  (NAVOCEANO) has a c o n t i n u i n g  requ i re f len t  t o  
conduct hydrograph ic  surveys a long coast1 ines  throughout  the  wor ld .  
from 1967 through 1970 NAVOCEAPIO developed and f l i g h t  t e s t e d  a Pulsed L i g h t  A i rborne  Depth 
Sounder (PLADS). These t e s t s ,  i n  an 1.1-3 h e l i c o p t e r ,  demonstrated the  c a p a b i l i t y  t o  
measure water  depths w i t h  accuracy and proved the  f e a s i b i l i t y  o f  a i rbo rne  depth sounding 
a t  speeds i n  excess o f  50 knots.  
expected opera t i ng  l i f e  and, due t o  fund ing  l i m i t a t i o n s ,  t e s t i n g  was d iscont inued be fo re  
s p e c i f i c a t i o n s  f o r  an Advanced Development Model (ADM) cou ld  be developed. Also, t he  
equipment d i d  n o t  p rov ide  t h e  des i red  d i g i t a l  ou tpu t  on magnetic tape. 
e f f o r t s  w i t h  var ious LIDAR systems i t  was decided t o  c o h i n e  our  resources and t e c h n i c a l  
e x p e r t i s e  f o r  f u r t h e r  development o f  a l a s e r  depth sounder. 
Dur ing  the  p e r i o d  
This breadboard PLADS system was t e s t e d  w e l l  be.yond i t s  
Recause o f  V I S A ' S  
b. NASA Wallops S t a t i o n  under the  fund ing  o f  t he  WSA-OAST Of f i ce  has been engaaed 
i n  the  research and development o f  an a i rbo rne  hydrograph ic  LIDAR system. 
o f  ex is tence the  program has produced t h e  f i r s t  he1 icop ter -borne 1 aser  ch l o r o h y l l - A  
f luorosensor  (1972) and an a i rbo rne  l a s e r  o i l  f l uo rosensor  i n  1973. I n  f i s c a l  .year 1974, 
the  program w i l l  focus i t s  a c t i v i t i e s  on the  problems o f  develop ing a p ro to type  pu lsed 
l a s e r  bathymeter which can be f l i g h t  t e s t e d  and used t o  develop s p e c i f i c a t i o n s  f o r  an ADM 
capable o f  be ing  used by NAVOCEANO t o  conduct nearshore hydrographic  surveys t o  a t  l e a s t  
the  f i v e  fathom curve i n  most coas ta l  areas. 
I n  i t s  two years  
c. Meetings between ?IASA and NAVOCEANO personnel d u r i n g  t h e  pas t  two months have 
pr0duce.d t h i s  mutual agreement on ob jec t i ves  and approach i n  the development o f  an improved 
a i rbo rne  l a s e r  depth sounder. 
2. WORK STATEMENT 
a. NASA w i l l  develop and t e s t  s i g n a l  p rocess ing  equipment t o  p rov ide  the  water  
depth i n f o r m a t i o n  i n  d i g i t a l  form on magnetic tape. The development ob jec t i ves  f o r  t h i s  
t i m e  t o  d i g i t a l  s i g n a l  process ing u n i t  are:  
32 
(1)  Time accuracy: 1 nanosecond o r  better 
(2 )  Rel iabi l i ty:  2,000 hours MTBF o r  better 
( 3 )  Weight: 20 kilograms o r  less 
(4)  No serious packaging problems 
(5)  Design c r i t e r i a  for  estimated production costs of $15,000 o r  less  
b .  NASA will invest igate  new techniques, such as mode locked pulse, f o r  generating 
shorter  and more powerful optical  pulses fo r  the l a se r  transmitter.  For th i s  purpose, 
NAVOCEANO will loan the exis t ing PLADS system t o  NASA. 
c. The f e a s i b i l i t y  of using a time gating technique t o  enhance the signal t o  noise 
r a t i o  of the bottom ref lect ion pulse will  be studied. 
d .  Throughout t h i s  e f f o r t ,  NASA will  evaluate design c r i t e r i a ,  such as optimum 
polarization of transmitted beam, spa t i a l  and spectral  f i l t e r i n g  of the receiver ont ics ,  
radiation safety,  ease of operation, e t c . ,  useful fo r  future operational system develoo- 
m e n t .  NASA will  use both PLADS and the exis t ing NASA LIDAR systems for  t h i s  ob;iective. 
e .  NASA will  provide quarterly reports t o  MVOCEANO d u r i n g  the time period of this  
e f f o r t .  These reports will  include a l l  r e su l t s ,  developments, data,  e t c . ,  t ha t  may be  of 
use t o  NAVOCEAHO t o  improve the design c r i t e r i a  f o r  an operational prototype l a se r  d e p t h  
sounder. 
example of the type of information needed. 
the PLADS in  1968 and does not r e f l ec t  today's s ta te-of- the-ar t .  
Notes, Nunhers 6620-102-72 and 6200-1-72 are a l so  Drovided. These two reports cover 
development and t e s t  of the PLADS and wi l l  be used by NAVOCEAilO in the development of new 
performance specifications.  
A Purchase Description fo r  the PLADS i s  provided w i t h  t h i s  work statement as an 
This Purchase Description was used t o  purchase 
Two IIAVOCEANO Technical 
3. SCHEDULE 
a. This j o i n t  development program will  be carried out i n  two phases. Phase I will  
i ncl ude.: 
(1) 
( 2 )  
(3 )  
(4 )  
(5) 
Development of a Signal Processing U n i t  
Flight t e s t s  of the NASA l a s e r  and receiver 
Shipment of PLADS equipment t o  NASA-Wallops 
Investigation of new pulse compression techniques 
Investigation of gating technique appl icabi l i ty  
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c 
b.  In i t ia t ion  of Phase I1 will be dependent on the mutual agreement of NASA and 
NAVOCEANO a t  some future date. Phase I1 will include: 
(1)  
( 2 )  Analysis of t e s t  d a t a  
( 3 )  
(4)  Preparation of final r e p o r t .  
Flight t e s t  of the signal processing u n i t  w i t h  the complete system 




UNDERWATER PROPAGAT I O N  MODEL 
An express ion i n  c losed form can be de r i ved  f o r  t h e  monochromatic l i g h t  power t rans -  
m i t t e d  between a c i r c u l a r  spot,  As, o f  rad ius ,  Rs, a t  t h e  bottom o f  t h e  water  and a c i r c u -  
l a r  sur face,  Ac, o f  rad ius ,  Rc, a t  t h e  sea -a i r  i n t e r f a c e .  We cons ider  t h e  bottom sur face ,  
As, t o  be un i fo rm ly  i l l u m i n a t e d  and c a l l  t h e  power dens i ty ,  W (see f i g u r e ) .  
F igure  B-1 .  - Geometry o f  l a s e r  beam underwater propagat ion.  
1. 
dAs, t he  power can be expressed as: 
For an element o f  area, dAc, on a x i s  r e c e i v e r  f rom an element o f  area a t  t h e  bottom, 
where the  f i r s t  cos ine i s  due t o  Lambert 's law and 
f, ; dAs = pdpd@ 
r 
COS e = - 
subs t i  t u t  i n g  
Integrating over the source variables we get 
d(R2 + p2) dPs+c = dAc - 
( a 2  + p2)2  2 
p=o 
P O  = dAc 
=(R2 + R,') (sa) 
where Po is  the to t a l  power radiated by As. 
2. 
assumptions and we sha l l  show the resu l t s  t o  be equivalent. 
The to t a l  power received a t  the col lector  can be calculated by making e i the r  o f  two 
a. F i r s t  approximation 
We assume tha t  the power received by a small off-axis  element, dAc, of co l lec tor  
area i s  approximately equal t o  
R 
dPs+c = dPs+c (on-axis) cos 0 where cos 11 = - r (35) 
R2 R 
R2 + RZ 1 [h2 ++R2]'/2' 
Integrating 
27T Rc 
1 d ( h 2  + R2) = 1 1 da*W*R 1 - R2 
ps'c R2 + R 2  1 ' ,/=2




(In terms of the total  power, Ps, a t  the source.) 
b .  Alternately one can also approximate the power seen by an off-axis area element 
as : 
R2 
R-: R 2 
= /.,/2\dh da-W* 
h 2  + R 2  
h=O a=O 
= W ( T R ~ )  Rn R: 1 
R2 + R: 
. 
Then i n  terms o f  the t o t a l  power, Ps, a t  the source 
(59)  
(310) 
c ,  Equivalence o f  the two expressions, equations (B8) and ( B l O ) ,  Expression ( B 8 )  can 
be rewritten 
Taking the f i r s t  2 terms i n  the se r i e s  expansion of the square root  we have:! 
R: - Ps  
(a2 + RE) 
Now we can a l so  expand expression (B10) as 
R: = Ps Rn 1 + 
ps+c f k2 + R,’ 
R: 
N P s  
ps+c (a2 + R,’) 
which i s  the same a s  (812). 
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